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Abstract 

We investigate an important radiative correction to the slepton and chargino production 
processes. We consider a super symmetric spectrum with a large splitting between the squark 
and slepton masses. In this case, in the effective theory below the squark mass threshold, the 
supersymmetric Slavnov- Taylor identities which enforce the equality of the gauge and gaug- 
ino couplings are violated. The gaugino propagators receive potentially large corrections due 
to virtual quark/squark loop effects. We compute the full one-loop (s)quark corrected slep- 
ton production cross-sections. The t-channel one-loop scattering amplitudes are factorized 
into an effective chargino/neutralino mass matrix and an effective fermion-sfermion-gaugino 
coupling. The difference between the effective gaugino coupling and the gauge coupling 
is proportional to log(AfQ/m-^) in the large squark mass limit. We find that the one-loop 
corrected slepton production cross-sections can depend on the squark mass strongly, up to 
9% X log;^o (-^Q Z^^^) ■ We investigate the squark mass sensitivity of the slepton cross-section 
measurements at a future linear collider. For sneutrino production accessible at ^/s = 500 
GeV there can be sensitivity to squark masses at or larger than 1 TeV. 
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1 Introduction 



Supersymmetry is an attractive possibility beyond the standard model. Because of the relations 
super symmetry imposes among the dimensionless couplings, the quadratic divergences in the Higgs 
sector are cut-off by the superpartner mass scale. The cancellations stabilize the hierarchy between 
the Planck scale and the weak scale. The minimal supersjTumetric standard model (MSSM) 
is consistent with gauge coupling unification suggested by grand unified theories. Also, it is 
interesting that one of the hallmarks of supersymmetry, a light Higgs boson {rrih < 130 GeV), is 
favored by global fits to precision electroweak data 

If low energy supersymmetry exists, superpartners will be copiously produced at the next 
generation of supercolliders. For example, the Large Hadron Collider (LHC) could produce thou- 
sands of gluino pairs in a single day. Each gluino would then, in a typical scenario, decay to the 
lightest supersymmetric particle (LSP) through a cascade of charginos, neutralinos, jets and lep- 
tons. Detailed information about the superpartner masses can be determined from such processes 
0. A future Linear Collider (LC) would likewise prove to be an invaluable tool in measuring 
the parameters of the soft-supersymmetry breaking Lagrangian, as precision measurements of the 
superpartner spectrum, cross- sect ions, and branching ratios are possible ^, ||, H, |^, |^. The 
constrained kinematics, tunable center-of-mass energy, and beam polarization allow for direct and 
model independent interpretations of the measurements. Also, in many processes the backgrounds 
are quite small. 

In this paper we examine the prospect of testing supersymmetry via a precise measurement 
of the lepton-slepton-gaugino vertex. The linear collider provides a suitably clean experimental 
environment. Among the relations which account for the cancellations of quadratic divergences, 
supersymmetry relates the lepton-slepton-gaugino coupling to the usual gauge coupling. 

Although bare (or DR) couplings enjoy the relations imposed by supersymmetry, the effective 
gauge and gaugino couplings are not equal because supersymmetry is broken. In particular, all 
non-singlet nondegenerate supermultiplets such as the quark-squark supermultiplets contribute to 
the splitting. Even arbitrarily heavy split multiplets will contribute, although the contribution 
will be suppressed by the heavy mass scale. Hence, measurements of the type we consider here 
not only provide for detailed tests of supersymmetry, but can also elucidate important features of 



the scale and pattern of supersymmetry breaking |I0|, |Tl], 0]. 

For example, the (s)quark contribution to the splitting of the U(l) and SU(2) gaugino/gauge 
(s)lepton couplings grows logarithmically with the squark mass, as 

g2 167r^ \ mi J 

This correction is obtained by evolving the couplings according to the renormalization group 
equations (RGE's) of the effective theory below the squark mass threshold. When Mg/m^ ~ 10 




the correction to the SU(2) (U(l)) coupling is about 2% (0.7%). This gives rise to an enhancement 
of the t-channel slepton or gaugino production cross-section of about 8% (2.8%). If large statistics 
are available and systematic errors can be controlled, we can (assuming the MSSM) constrain the 
squark mass scale by this measurement. Notice that a modest hierarchy between the squark and 
slepton masses is typical of the simplest gauge mediated models, which predict M^/mi^ ~ 6. 
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As another example, it has been proposed that the scalar masses of the first two generations 
might be very heavy (e.g. 20 TeV) so that the FCNC constraints on the scalar masses are alleviated 



I^ . This large hierarchy in the superpartner spectrum will be reflected in the splitting of the 
gaugino/gauge couplings of the third generation (s)fermions. 

We restrict our attention to the measurement of the first generation lepton-slepton-gaugino 
coupling at an e~e+ linear collider. Much study has been undertaken to determine how accurately 
we can expect to measure these couplings. Two relevant processes to consider are chargino pro- 
duction and slepton production. These processes involve the lepton-slepton-gaugino coupling by 
way of the t-channel exchange of a sfermion or gaugino. The measurement of the gaugino coupling 
via the chargino production process has been considered in Ref. In that study the authors 
worked under the assumption that only chargino production was available. It was shown that the 
WueC-L coupling could be determined to about 20%. Incorporating knowledge about the sneutrino 
mass allows for an improved (9(2-3%) determination of the Wu^eL coupling [|l^. A more precise 
determination is possible by studying slepton production. In Ref. |^ it was demonstrated that by 
measuring e]^e^ production the U(l) Bee coupling could be determined to about 1%. Note that 



this is the same order of magnitude as the splitting due to heavy squarks (see Eq. (|l|)). In Ref. 



it was estimated that a C(0.3%) measurement of the U(l) gaugino coupling could be achieved by 
measuring e]^e]^ production at an e~e~ collider. 

We perform a full one-loop calculation of the slepton production cross-section within the 
MSSM. Since we are interested in the sensitivity to the squark mass scale, we assume the squark 
mass spectrum is well approximated by a single mass scale, Mq, and allow for a large hierarchy 
between the squark and slepton masses. We include only (s) quark loops in the calculation, be- 
cause the correction is enhanced by a color factor and the number of generations. The remaining 
corrections are small, and if we did include them we expect our conclusions would not change. 

In the next section we discuss the radiative correction calculation. We point out that, to a 
good approximation, the one-loop t-channel amplitudes can be rewritten in the same form as 
the tree-level amplitudes, with the replacement of the tree-level parameters with renormalized 
effective parameters. Hence we introduce the effective coupling, the effective masses, and the 
effective mixing matrix. In section 3 we show our numerical results. We show the renormalization 
scale and squark mass dependence of the various production modes, for the different electron 
polarizations. We compare the tree-level, leading-log, effective, and full cross-section calculations. 
The results show that the effective theory approximation describes the full result very well. We 
also discuss the A-teim dependence. 

In section 4 we discuss how well we can measure the squark loop correction to the coupling, and 
thereby constrain the squark mass, assuming both slepton and chargino production are possible. 
We show the statistical significance of the results by combining our knowledge of the superpartner 
masses and cross-sections. The slepton production cross-section is a sensitive function of the 
slepton mass. The uncertainty in the slepton mass measurement is quite important in this analysis. 
We emphasize that the chargino production cross-section does not have this problem of the final- 
state mass uncertainty. In the last section, section 5, we give our conclusions. 
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2 The one-loop cross-section 



In this section we discuss the calculation of the cross-section of e^e+ — > iii*, where ii = (e^, e^, i>e), 
including one- loop (s) quark corrections. The full result is explicitly given in Appendix A; here we 
restrict ourselves to outline the general features of the calculation. 

As a specific example, we consider the process e~e'^ (^r(^*r- The tree-level amplitude is given 

by 



= 



(2) 



where s is the center-of-mass energy, p is the t-channel momentum, and Pl,r = (1 T 75)/2. The 
sine of the weak mixing angle is denoted Sw, Nij is the neutralino mixing matrix, and the wave 
functions are denoted v and u. 

To evaluate the one-loop amplitude, we treat all the parameters appearing in this tree-level 
expression as running DR (dimensional reduction with modified minimal subtraction |jl5l) quan- 
tities, and add the contributions from the one-loop diagrams (see Fig. 1). Note that the (s)quark 
loop corrections do not give rise to external wave-function renormalization. 

We take the gauge boson pole masses and the standard model MS electromagnetic coupling 
asM^Mz) as inputs. The DR parameters are related to the corresponding input parameters by 
familiar expressions. (Hatted symbols are DR renormalized quantities. We do not hat the DR soft 
supersymmetry breaking parameters.) For example, the running gauge boson masses are given by 

M^iQ)=M^ + neUl.^{M^) , Ml{Q) = Ml + netilz{Ml) , (3) 

where the 11"^ are the transverse parts of the DR renormalized gauge-boson self-energies. The 
gauge coupling in the full theory e{Q) is related to that of the effective theory (i.e. the standard 
model in the MS scheme) as Q 

e{Q)=hM{Q)(l + '^Y.Q>—] ■ (4) 

The SU(2)i and U(l)y gauge couplings are then obtained in terms of the gauge boson running 
masses, 

Note that the argument of the gauge-boson self-energies is the external momentum squared. They 
implicitly depend on the renormalization scale Q. Explicit expressions for ^^wzz given in 
[|l6i p!7| . Since we only include the (s)quark loop corrections, for consistency the DR parameters 
only run by virtue of the (s)quark contributions to their RGB's. 

^The constant term {e^ /2Att'^) for MS to DR conversion is omitted because we systematically ignore the gauge 
boson loops. 
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When Ml, Ma, /i, tan/3 are needed, we use Mi(Mi), M2(M2), /i(|/i|), tan/5(Mz). The scale 
choice of each parameters has been made because the relations m^o ~ Mi (Mi), m^o ~ M2(M2), 
m^o ~ lul hold when max(Mi, M2, Mz, and Mg. < min(Mi, M2, 

With these counter-terms and the one-loop diagram contributions presented in Appendix A, 
we obtain the full one-loop amplitude. The differential cross-section is then computed. 

To obtain the total cross-section, we integrate over the t-channel momentum numerically. The 
cross-sections for the other selectron and sneutrino production processes are obtained similarly. 

In Appendix B, we show how the one- loop corrected t-channel amplitude can be well approxi- 
mated by a tree-level form. 



where Qeej^Bip^) the effective bino coupling defined as 

9e,Ap")=9y{Q'){^~\ni{p')) , (9) 



(8) 



and Tj^^ijP') is the bino- bino component of the neutralino two-point function defined in Eq. (|B.4D . 
The Nij and rfii are the effective neutralino mixing matrix and neutralino masses obtained by 
diagonalizing the effective neutralino mass matrix Yij, defined in Eq. (|B.6|) . We note that Wiiirnf) 
are the chargino and neutralino pole masses. Also, g-i, Nij, and are scale independent quantities 
to 0{a). For example, the scale dependence of griQ) is cancelled by the implicit scale dependence 
of 

The physical correction appears as a violation of the tree- level relation g^i^ = g"^^, where g^^ 
is the effective coupling in the standard model. It is obtained by Eqs. (3-6), including only quark 
contributions in the self-energies. The log Mg terms in g^^^ — g and g'^^ — g correspond to the 
change in the beta functions above and below the squark threshold. Also, the leading logarithms 
of the corrections 6g/g = — g'^^)/g^^ at Q = are exactly those of Eq. 1, showing that the 
RGE approach of Ref. gives the proper results. 

The other effective couplings g^^ g, g^^ and g^^y ^y are given by analogous formulae (see 
Eq. (pip). The expressions for g^- and g^y^yy sxq different. However, they approach each 
other in the large Mq limit. The difference between these effective couplings arises from finite 
electroweak symmetry breaking contributions proportional to the vacuum expectation value of 
the Higgs bosons. By gauge symmetry, the leading log Mq correction is the same for the different 
effective couplings. In section 3, we will see that the various finite corrections are not large 
compared to the leading log Mq correction. 

In contrast to the t-channel amplitudes, the squark corrections to the s-channel amplitudes are 
proportional to (M| or m2)/M?. Since we take as inputs the standard model coupling, and the 
W- and Z-boson pole masses, the decoupling theorem applies, and the effect of the heavy squarks 
is negligible in the large squark mass limit. 
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Part of the radiative corrections we are considering are closely related to the corrections to 
the neutralino and chargino masses [p!7| , |18|. Since the chargino and neutralino masses will be 



measured in future collider experiments, we will in some of the discussion take the pole masses 
m^o, 171-+ , m^o as inputs. 

We define Mf^, Mf^ , — /x^^ as the (1,1), (2,2), and (3,4) components of the effective neutralino 
mass matrix Y^- and fi"^^ could also be defined as the (1,1), (2,2) components of the effective 
chargino mass matrix Yq- These definitions differ by (9(M|/max(M^, M|, /x^)), as do the different 
definitions of the wino effective couplings. The grand unification condition leads to the one-loop 
relations Mi/ai = M2/a2 = M^/a^. We comment that there is a InMg correction to the M^^ /af^ 
ratios. We set M2 ~ 2Mi, but we do not impose any such relation in our analysis. 



3 Numerical results 

We next study the numerical dependence of the one-loop corrected cross-sections of e~e'^ iii* 
[ii = {e~[, e^, z>e)) on the squark mass. We consider the case where the initial electron is completely 
longitudinally polarized. We therefore treat the following eight modes, 

^ + ^ 1_ 1_ ~ 

6^6+ ^ ej^et , e^e^ , e-^et , i>ei>*e ■ (10) 

In the squark sector, we set 

Mq = M^ = Mj^, A^A/Mq = A,/Mq, (11) 

where Mg, Mjy, and are the soft-breaking masses of the left-handed, right-handed up, and 
right-handed down-type squarks, respectively, and At, Af, are the soft-breaking Higgs-squark- 
squark trilinear couplings, in the convention of Ref . |l^ . We assume generation independence for 
these parameters. 

The renormalization scale independence of the one-loop cross-section serves as an important 
check of the calculation. In Fig. 2 we show the Q dependence of the tree-level cross-sections 
(defined as the first terms of Eqs. ([A.4| - [Al8D ) and the corrected ones, for Mi (Mi) = 100 GeV, 



M2(M2) = 200 GeV, /i(|/i|) = -300 GeV, tan l3{Mz) = 4, m^- = 200 GeV, Mq = 1000 GeV, and 
a/s = 500 GeV. The tree-level cross-sections vary linearly with logQ. This dependence is due 
to the running of gi{Q), Mz, and Mi{Q). One can see that this Q dependence almost vanishes 
after the inclusion of the one-loop contributions. The remaining Q dependence of the corrected 
cross-sections, which comes from residual higher-order corrections in the numerical calculation, is 
very small for Mz < Q < 1 TeV. The renormalization scale dependence suggests the uncertainty 
in the calculation due to higher order corrections. 

We next consider the squark mass dependence of the corrected cross-sections. As stated, we 
take the standard model electromagnetic coupling and the W and Z boson pole masses as inputs. 
Here we also take the three pole masses (m^o, m-+, m^o), and tan P{Mz) as inputs. We assume 

» Mz, in which case Mf ^ m,o, Mf ~ m.^:, and^^^l - hold, where Mf_, Mf , and 
—H^^ are the (1,1), (2,2), and (3,4) elements of the effective neutralino mass matrix Yij, defined 
in Eq. (^). 
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^R 


^R^L 






105 


8.83 


121 





678 




8.83 


235 





121 


9.81 



Table 1: Total tree-level cross-sections, in fb, of e e"*" — > £{£* for the various modes. Input 
parameters are given in the text. 



We show in Fig. 3 the Mq dependence of the cross-sections for m^o = 100 GeV, m-+ = 
200 GeV, m^o = 300 GeV, tan/3(Mz) = 4, = 200 GeV, A = 0, fx < 0, and ^/s = 500 GeV. 
Here we normalize the cross-sections to the tree-level values. The tree-level cross-sections are 
functions of the standard model gauge couplings gi^{Q) (at Q = 200 GeV) and the tree- level 
Mi, yU and tan/5. The latter parameters are found by inverting the tree- level relations between 
Mi, fj,, tan P and the input masses m^o, m-+ and m^o. Hence, the tree-level cross- sect ions are 
independent of the squark mass scale. The numerical values of the tree-level cross-sections are 
listed in Table 1. 

The one-loop corrected cross-sections of the modes which have a t-channel contribution are 
similar to tree-level ones at Mq < 300 GeV, but increase linearly with logMg. Because the effec- 
tive masses are equal to the input pole masses to — m|)/M?), the squark mass dependence 
of the one-loop corrected cross-sections is primarily due to the difference between the effective 
theory gauge and gaugino couplings. 

The two channels which have W contributions (e^e"*" ej^e\^,i'ei'l) show the largest Mq 
dependence. The destructive interference between the s- and t-channel amplitudes accounts for 
the enhancement of the e^e^ correction relative to the Ve^l case. Other channels e^e"*" — > e^e^, 
e~^e^ — e~^e\, e~^e[ show smaller Mq dependence from B contributions. Nevertheless, these Mq 
dependences are significantly larger than the renormalization scale dependence of the corrected 
cross-sections (see Fig. 2). In contrast, the remaining channels, which have only s-channel contri- 
butions, show very little Mq dependence, as explained in Section 2. 

We now consider two approximations to the full calculation. First, we consider the effective 
theory approximation (ETA), where the effective masses, couplings, and mixing matrices are used 
in the t-channel amplitudes (see Eq. (^). We make a further approximation in the ETA by 
fixing the momenta of the effective parameters to an average t-channel momentum, = —raj. 
The second approximation is the leading log approximation (LLA), which is the ETA in leading 
logarithm approximation. 

The full calculation differs from the ETA by (9(M^/M?) terms which arise when factorizing the 
amplitude (and by 0((p^ -|- m|)/M^) corrections due to fixing p^). The LLA differs additionally 
by constant and (9(1/M?) corrections. Figs. 4(a) and (b) shows the full correction, the ETA, and 
the LLA, for ^(e — > ^/j^ij) SfUd (T(e e"*" — > i/gZ/*), respectively. In Fig. 4(b) we use the effective 
coupling geei^wi~^})y rather than geu^wi~^'j)y which introduces additional (9((M|, mf)/M^) 
differences between the full and ETA calculations. Figs. 4 show that the full calculation is well 
approximated by the ETA, even for small squark masses. The LLA does correctly describe the 
logarithmic increase in the full correction (as the name implies), but there is a constant difference 
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of 0.6% [1.0%] seen between the full and LLA curves in Fig. 4(a) [(b)]. This constant difference is 
largely accounted for by the correct matching of the effective coupling, where, at zero momentum, 
and for zero quark mass, the logarithms in Eq. (|1]) are replaced as ||^ 




In Fig. 4 there is a slight discrepancy between the ETA and the full results at very large Mq. 
This is due to the resummation of the effective mass corrections inherent in the derivation of the 
effective amplitude. 

Before leaving this section, we comment on the dependence of the cross-sections on the param- 
eter A = At/Mq = Ab/Mg, which can give sub- leading corrections through the left-right mixing 
of third generation squarks. One might expect that the A dependence could become significant 
for small (~ 1) values of tan/3. Fig. 5 shows that for tan f3{Mz) = 1.5 the dependence is much 
smaller than the Mq dependence. For the case /i < 0, the cross-section is almost independent 
of A if Mq > 1 TeV. For /i > 0, there is more dependence. For example, for Mq = 1 TeV, the 
cross-section increases by about 3 per cent as A varies from —3 to +3. 



4 Ax^ analysis 

In the previous section, we have shown the squark mass dependence of the slepton production 
cross-section ^one-ioop^g-g+ _^ ££*). We found the cross-sections are well described by that of 
an effective theory, where the tree-level relations between the fermion-sfermion-gaugino couplings 
and the gauge couplings are renormalized. In this section, we consider the determination of the 
squark mass Mq through the measurement of the slepton production cross- sect ion. 

As described in section 2, the sfermion and chargino/neutralino production cross-sections de- 
pend on the gaugino mass parameters Mi and M2, the Higgsino mass parameter /z, the ratio of 
the vacuum expectation values tan and the sfermion mass m^. The cross-sections also depend 
on the effective fermion-sfermion-gaugino coupling (jfj^^, which is nicely parameterized by logMg. 
By constraining g^j^ we can determine Mq, if the rest of the parameters are known accurately 
enough. 

It has been demonstrated that an accurate determination of and is indeed possible 
if sfermions i are produced and dominantly decay into a charged lepton i' and a chargino or 
neutralino x- The simple kinematics of the two body decays result in a flat energy distribution of 
the final state leptons between the endpoint energies -Emin -Emax? which are simple functions 
of ^/s, mi, and m^. The measured endpoint energies therefore determine and m^. 

In Ref. m, the results of detailed MC simulations were presented for /i fiXi ^ ~^ ^Xv It 
was shown that the in and x? masses could be measured to better than 1%. Recently, Baer et al. 
[0 performed a MC study for the case that left-handed sfermions are produced and decay into a 
gaugino-like chargino or neutralinos. In their example called point 3, UgU* production is followed 
by u^*^ e^xf- The decay mode DgUe* — > e~e~^XiXi ~^ e^e^fi2j {v^ 2x5) is background free and 
the measured electron endpoint energies allow for a 1% measurement of m-± and mjfl. 

^Notice that the mass errors are considerably improved over those obtained from the e^e^ XiXi process [^. 



7 



The results of Ref. ^ encourage us to consider their example point 3. The chosen parameter 
set corresponds to m,>^ = 207 GeV, m-+ = 96 GeV, m^o = 45 GeV and m^o = 270 GeV, and 
the lightest chargino and neutralinos are gaugino-like. Their study suggests that we can take 
m-+, rriyO, and mj^^ as well constrained input parameters. For 20 fb~^ of luminosity, their MC 
simulations show that at 68% CL, (5m-+, 5m,>J = (1.5 GeV, 2.5 GeV). 

In the following we estimate the statistical significance of the radiative correction to the pro- 
duction cross- sect ion. To most effectively constrain the squark mass we would take into account 
all the possible channels. However, for the purposes of this paper, it suffices for us to focus solely 
on the i^e production cross-section, because it is larger than 1 pb for a left-handed electron beam, 
and larger than the other sparticle production cross-sections at ^/s = 500 GeV. 

The sensitivity of the sneutrino production cross-section on the chargino mixing is determined 
by the sign of /x. For /i < 0, the gaugino/Higgsino mixing is suppressed, and hence the cross- 
section depends mildly on tan/5. Also, there is very little m^o dependence in this case. For /i > 0, 
the mixing gives rise to significant tan (3 and m^o dependence. The heavy chargino and neutralinos 
are produced once > 2|/i|, and we assume that these masses can be constrained to a reasonable 
range[|. Also, if /z is not too large, the splitting of the heavy chargino and neutralino masses is 
quite different for the different signs of /i. If the splitting can be measured, the sign of /i might 
be determined. For example, at point 3 with m^o = 270 GeV and fi < (yU > 0), m^o — m^o = 5 
(27) GeV. The reasonably large production cross-sections of the heavier chargino and neutralinos 
(0(100) fb at ^/s = 800 GeV) give us hope that these mass differences can be distinguished. As 
long as rriy.o is known to (9(5-10%) and the sign of fi can be determined, the chargino mixing 
uncertainty will not significantly affect the determination of the effective coupling ^es^iy- 

We would first like to provide a feel for the sensitivity to the squark mass scale and tan/3 in 
the ideal case where we ignore the slepton and gaugino mass uncertainties. In Fig. 6 we show the 
statistical significance of the loop correction by plotting contours of constant cross-section. Here 
we fix the sneutrino mass and determine fi, Mi and M2 by fixing the one-loop corrected masses 
rriy^o, ?n^o, and iti^+. Rather than plot the contours according to the value of the production 
cross-section, we plot the contours corresponding to the number of standard deviations of the 
fluctuation of the accepted number of events. The 1-a fluctuation corresponds to ^A^mput, where 
A^input is our nominal value of the number of events at Mq = 1000 GeV and tan P{Mz) = 4. The 
accepted number of events A^ is given by 

N = A- aie^e^ i>ei>e) x (BR(z>e ^ ext))^ x 100 fb"\ (12) 

Here we took BR(z>e ext) = 0.6 and overall acceptance A = 0.28 0. The number of accepted 
events at our nominal point A'input is about 12800 for yU < and 11900 for /i > 0. 

The mass measurement from the jet energy distributions in chargino decay Xi ~^ gives only a few percent 

measurement of the masses due to the uncertainty in the jet momentum. 

■'The heavier chargino and neutralinos dominantly decay to a 14^ or Z and a wino-like neutralino or chargino 
(through its suppressed Higgsino component). The dominant decay process gives maximally 8 jets in the final 
state, and the background to the process is small. If the energy distribution of the gauge bosons in these decays 
could be measured, the endpoint technique could also be applied here. 

"^The acceptance given in Ref. g is 45% for = 142 GeV, m^o = 118 GeV and ^ = 350 GeV. We further 
scale our acceptance down, because our calculation of cross-section does not include the effects of initial state 
radiation, beam energy spread, and beamstrahlung. 
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We show the contours for /i < in Fig. 6(a). If tan/? is well measured, Mq is constrained to 
Mq = lOOOtig GeV at 1-cr significance. If instead we assume the constraint 2 < tan/? < 8, the 
mild tan/5 dependence yields 700 < Mq < 1900 GeV. In the case fi > (Fig. 6(b)), increasing 
the squark mass can be compensated for by decreasing tan (3, and measuring sneutrino production 
then determines a region of the [Mq, tan/5) plane. As with /i < 0, Mq is decently constrained if 
tan/3 is known {Mq = 1000^450 GeV). However, if we have 2 < tan/3 < 8, only the uninteresting 
bound Mq < 10 TeV can be achieved. 

In Fig. 6(c) we show the contours again for /i > 0, but now we raise m^o to 500 GeV. Larger 
values of /i lead to weaker tan /? dependence. However, in this case the cross-section is still sensitive 
to the heavy chargino mass "^^+- If the heavier chargino is beyond the kinematical reach of the 
collider, there may be considerable uncertainty in the predicted cross-section. The cross-section is 
pretty much independent of fi once fi > 850 GeV, in this case. If we vary fi from 450 to 850 GeV 
the cross-section varies by about 2%. It is good to keep in mind that fi may be constrained in a 
situation such as this by measuring the left-right asymmetry of the lighter chargino production 
cross-section. 

Figs. 6 illustrate that we might have to rely on independent measurements of tan/3 in order to 
obtain a nice constraint on Mq. For many regions in parameter space we expect tan/3 will indeed 
be known fairly well. For example, it was pointed out by Ref. that the measurement of the 
chargino forward-backward asymmetry provides a strong constraint on tan/3 if M2 ~ Also, 
for not too large slepton masses and tan/3 ~ 1, the measurement of the mass difference between 
cl and 9^ gives a sensitive measurement of tan/3. Other measurements can be instrumental in 



pinning down tan /3. For example, the Higgs sector constraints on tan /3 are considered in Ref. ||20 
which tend to give decent bounds for tan /3 < 10. 

We now turn to the effect of the mass uncertainties. The sneutrino production cross-section 
depends on the masses nij^^, m^o, m^o and rn^+. The uncertainties in these masses will of course 
worsen our ability to constrain the squark mass scale. Of these massses the cross-section is most 
sensitive to the sneutrino mass. All of the same chirality scalar production cross-sections suffer 



from the strong /3| kinematic dependence (/3^ = y 1 — (m^/i?beam)^)Q- Near threshold this results 
in an especially large sensitivity to the final-state mass. For example, a 1% uncertainty of 
results in SPi/Pi = 1.8%, for = 200 GeV, and = 500 GeV. This immediately translates 
into a 5.3% error in the total cross-section. Although a simple statistical scale-up of the results of 
Ref. 0] implies a sneutrino mass uncertainty of only 0.3%, this nevertheless leads to a significant 
degradation in our ability to constrain the squark mass scale. (Systematic errors might be the 
limiting factor here.) 

Note, however, that the measurement of the sneutrino mass in Ref. was obtained by studying 
a small fraction of the total sneutrino decay modes. The mode they studied, e~e~^ Vevl 
— > e~e"'"/i2j (1/^2x5), amounts to only about 4% of the total sneutrino decays. Using other modes, 
such as e~e"'"4j(2x'j'), niight reduce the mass error even further. Because the Ve production cross- 
section is significantly larger than the other slepton cross-sections, isolating the various sneutrino 
signatures is less affected by SUSY backgrounds such as e~e^ — > e~j^e^ — > e~ {2xi) ■ In this 
discussion we assume the errors are dominantly statistical. 

^The production cross-section a{e^e'^ — > crcl) is proportional to due to the chiral structure of (--(-LiRyy^ 
coupling. 
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Now we show the constraint on the squark mass Mq after taking into account the uncertainty 
of the masses 6mjy^ and 6m -+ . For this purpose, we define a Ax^ function as 



Here we consider the /i < case, in which the Xi ^^id X3 mass dependencies are neghgible. We 
also assume that tan/5 is well measured. In Fig. 7 we plot Axmin against Mq, where Ax^j^ is 
a minimum of A^^ with respect to variations in m-+ and m/>^. By construction, the region of 



Mq where y Ax^j^ < 1, 2, ... corresponds to 1, 2, ...-a error of the squark mass when the chargino 
and sneutrino mass uncertainties are taken into account. The sneutrino mass uncertainty reduces 
the sensitivity of the production cross-section to Mq considerably, because the effect of increasing 
Mq can be compensated for by a small increase in rrij^^. On the other hand, we do not find any 
significant effect due to non-zero 6m-+. 

From Fig. 7 we see that in this case, even with the sneutrino mass uncertainty, we can reason- 
ably constrain the squark mass scale. For example, at the 1-a level with Mq = 1 TeV, we constrain 
Mq to lloJ TeV, using the naive scale up (from 20 fb~^ to 100 fb~^) of the statistical errors of 
Ref. 0. This corresponds to the difference between the gauge and gaugino effective couplings, 
892/92 = 0.011 ± 0.006. This can be compared to the estimate of the constraint 5g2/ 92 = ±0.02 
from the chargino production measurement [|lOl . Such comparisons are sensitive to different choices 
of parameter space and other assumptions. The sensitivity of the constraint on the mass errors 
can be seen by changing the errors. If we reduce the mass uncertainties by a factor of 2, we find 
the interesting constraint 600 < Mq < 1500 GeV. 

Fig. 7 illustrates the large dependence on the mass uncertainties. This sensitivity is greatly 
reduced in the case of chargino production. As we mentioned previously, the t-channel amplitude 
is very similar to that of sneutrino production; only its final and intermediate states are exchanged. 
The external chargino wave-function renormalization induces the same logMg correction to the 
e-i>e-X^ coupling. Also, the chargino production cross-section is generally large; for the set of 
parameters considered, it is near 1 pb for a left-handed electron beam. Because the chargino 
cross-section is only proportional to a single power of (3, the uncertainty in the cross-section due 
to the final state mass is effectively reduced by a factor of 3. Notice m-+ can be measured 
through the electron energy distribution from the z/g production and decay. Also, the chargino 
production cross-section rises quickly near threshold, which allows for a determination of its mass 
by a threshold scan. 

In Figs. 6 and 7, we assumed that the decays into the lightest chargino xf were detectable as 
z>e production signal without background. This may not be true, depending on the decay mode 
of the chargino. For example, if both of the charginos decay into qq'xi^ it gives an e~e^4j signal 
event with missing energy. Pair production of clGl could give the same e~e~^Aj signal with similar 
kinematics. By SU(2) invariance and z/g are very close in mass, so it is natural to think that 
this background is necessarily problematic. Additionally, at point 3 Ref. estimates that the 





input 
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(13) 
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mass uncertainty is larger than that of Ve] this corresponds to a large uncertainty in the expected 
cl production cross-section. Fortunately, in this case, the cross-section of and its branching 
ratio into X2 ^"^^ small, and they are constrained by other measurements, so they give a negligible 
background to the Vevl — > e~e+4j signal. 

We also assumed constant BR(i/e — »• ext) throughout Figs. 6 and 7, while the branching ratio 
is expected to vary with M2, tan/3, m^, and Mq. Notice, M2, yU, and are constrained from 
mass measurements, while in Fig. 6 tan (3 and Mq are our fit parameters, so the inclusion of the 
branching ratio would not introduce additional uncertainty in the Mq constraint unless there is a 
large correlation. The chargino branching ratios {B{x^ jjx^) and Blx'^ — > ii'X^)) are likewise 
determined by the measured sparticle masses and their cross-section and fit parameters, or they 
are directly constrained by the study of chargino and neutralino production at low energy]^. 

We did not include the expected luminosity and acceptance errors. Needless to say, it is 
extremely important to achieve a low luminosity error, since we are dealing with a potentially 
sub-percent measurement. The effect of the luminosity error can be directly seen in Fig. 6. In 
the chargino study of Ref. Q], the systematic error of acceptance is claimed to be significant in 
the two jet + lepton final state. There, the large background from WW production requires a 
very tight cut, leading to low acceptance and large systematic error. Here, we consider sneutrino 
production followed by decays to charginos. There is very low SM background to the final state 
e~^e~ + (4j or 2ji or missing energy, where the final state electron and positron are hard and 
isolated. Also, the SM background has very different kinematical structure from the signal. Given 
the precisely measured chargino, neutralino and sneutrino masses, it is reasonable to assume the 
acceptance error is negligible. 

In Ref. [0, the possibility to measure (^g^^^y from chargino production has been studied, result- 
ing in a rather poor constraint ((9(20%)). In that analysis, the assumption was made that only 
chargino production was accessible. This leads to a rather large uncertainty due to the unknown 
sneutrino mass, which could only be determined with a polarized beam through the differential 
cross-section of the chargino production itself. That was a reasonable and conservative assump- 
tion at the time, before a detailed MC simulation of production was available. Including the 
sneutrino mass measurement will in this case provide a reasonable constraint on g and hence on 
the squark mass 110] ; a detailed study will be presented elsewhere [pi . 



5 Conclusions 

Supersymmetry is a beautiful symmetry which relates bosons and fermions. If we wish to deter- 
mine whether this symmetry is realized in nature, the relations imposed between particles and 
their superpartners must be confirmed by experiment. Of course, discovering a particle with the 
quantum numbers of a superpartner is the first very important step in this procedure. An equally 
important test, though, is the confirmation of the hard relations imposed by supersymmetry, for 
example, the equivalence of the gauge and gaugino couplings. 

It has been argued that a next generation linear collider would be an excellent tool to verify 

^When the chargino cannot decay to an on-shell W-boson, the branching ratios become somewhat sensitive to 
squark and slepton masses. 
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supersymmetry in this respect. Production cross-sections such as a{e~e~^ ii*) and a{e^e^ 
X7xt) involve the t-channel exchange of gauginos or sleptons, so they depend on gaugino couphngs. 
Several papers p, |^ have shown that it is possible to verify the equivalence of the gaugino and 
gauge couplings in a model independent way, by fitting the data to the cross-sections with arbitrary 
gaugino couplings. The sensitivity ranges from about 1% to 10%, depending on the assumptions. 

In this paper, we approached this problem from a somewhat different direction. Because super- 
symmetry must be badly broken by soft breaking terms, the tree-level relations of the couplings are 
also broken, by radiative corrections. The corrections are logarithmically sensitive to the splitting 
of the supersymmetry multiplets. To quantify this, we have calculated the full one-loop correction 
due to (s) quark loops of the slepton production cross- sect ions. We have explicitly demonstrated 
that the full one-loop amplitudes can be factorized into a form which corresponds to an effective 
theory in which the heavy squarks are integrated out. The difference between the effective lepton- 
slepton-gaugino couplings g^i^, and the effective gauge couplings g^^ is given by a coupling factor 
times log Mq/ mi. The one-loop formulae for the chargino and neutralino production cross-sections 
are not given in this paper, but the effective gaugino couplings receive the same corrections to 
logarithmic accuracy. 

We gave an explicit example which illustrates that the statistics at the future linear collider may 
be enough to constrain the squark mass scale through the measurement of the slepton production 
cross-section. We found, with 1-a significance, Mq could be constrained to IIqJ TeV by the 
measurement of the sneutrino production cross- sect ion. This corresponds to a measurement of 
the difference between the SU(2) gauge and gaugino couplings Sg2/g2 = 0.011 ± 0.006. We found 
this constraint in the /i < case where we took into account the errors (based on existing MC 
simulation) of the sneutrino and light chargino masses, but assumed tan /3 was well constrained 
by other measurements. In the /i > case the slepton cross-sections are much more sensitive to 
tan (3 and the heavy (Higgsino dominated) chargino and neutralino masses. We need to rely on 
additional measurements in order to precisely measure the gaugino couplings in this case. 

For either sign of /i, the mass of the sleptons and gauginos must be measured very precisely in 
order to successfully constrain the squark mass scale via production cross-section measurements. 
The effect of the slepton mass uncertainty on the prediction of the slepton production cross- 
section is especially significant, as discussed in Section 4. In order to determine the ultimate 
sensitivity of this procedure, a thorough study of the systematic uncertainties in the slepton mass 
measurements is necessary. The prediction of the chargino production cross-section is less sensitive 
to the uncertainties in the masses. The limiting factor in the chargino mode is SM background 
and statistics. 

It is important to note that the constraint on the squark mass scale can be stronger than 
the one presented in this paper. Here, we estimated the sensitively to squark mass scale by 
utilizing sneutrino production followed by its decay into a chargino and an electron. Depending 
on the spectrum and center-of-mass energy, there will typically be many other production processes 
which involve t-channel exchange of gauginos or sleptons, and all those amplitudes have logM^ 
corrections. 

The constraint on the squark mass we have realized here could be unique in the sense that this 
information may not be available at the LHC Even if the LHC squark production rate is large, 
the gluino could be produced in even larger numbers, creating a large irreducible background to 
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the squark signal. A large gluino background could make the extraction of the squark mass from 
kinematical variables difficult. 

On the other hand, if information on the squark masses is obtained at the LHC, we would 
have rather accurate predictions for the gaugino couplings. In this case, the measurement of 
the production cross-sections we considered here would constrain new supersymmetry-breaking 
physics with standard model gauge quantum numbers. In a sense, the study proposed here is 
similar in nature to studies performed at LEP and SLC. The physics of gauge boson two-point 
functions has been studied extensively at LEP and SLC, and it has provided strong constraints on 
new physics. Similarly, a future LC and the LHC might provide precision studies of the gaugino 
two-point functions, to realize a supersymmetric version of new precision tests. 
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Appendix A: One-loop quark/squark corrections 

In this section, we show the explicit forms of the quark-squark loop corrections to the amplitudes 



of the processes e (pi)e+(p2) ^i{P3)^*j{P4) where 



We adopt the DR renormal- 



ization scheme, and the DR suffix is implicit throughout this and the next sections. 

The neutralino DR mass matrix Yn and the chargino mass matrix Yc are functions of Mi{Q), 



M2{Q), A*(Q), tan/3(Q), Mw{Q), and Mz{Q) as follows p 



YM)iB,W^H'„H!^ 



Ml 

M2 

-MzCfsSw MzCfiCw 

V MzSpSw -MzSpCw 



-Mzcpsw 
MzCpCw 




Mzspsw \ 
-MzSpCw 
-/^ 

/ 



(A.l^ 



Here cp = cos/?, sp = sin/3, cw = Mw/Mz and sw = y 1 ^ c^- The Q dependence of the right 
hand side is implicit. A unitary matrix is defined so that = {m^o6ij) = N*Yj\fNK The 
chargino DR mass matrix is 

Yc{Q){W,H)^ 



M2 V2MwS(3 



(A.2) 



and the chargino mass matrix can be diagonalized by two unitary matrices U and V as Mq = 
U*YcV'^ . We order the charginos and neutralinos according to their masses, so, for example, Xi is 
the lightest neutralino. 

We first show the t-channel amplitudes. They are expressed in terms of two-point functions 
iKoij, iK-ij of neutralinos XiXj and charginos xtxj- are decomposed as 



(A.3) 



where the momentum p fiows from j to i. Pr^l are the chiral projectors, (1 ± 75)/2. 
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In the following the argument of the E functions is p^. The corrected i-channel amphtude 
^•^LL ^L^t is expressed as 



1 

(p2 -m^o)(p2 -m^g^ 



(5f 



p2 - m|o 



M 



where p — pi — — Pi — P2- Similarly, other i-channel amplitudes are 

-lv{p2)i>PRu{p,)h%fil^^ 



6ij 



p2 - 



-iv{p2)PLu{pi%*Ria^Lj 

1 



(p2 - m%)ip^ ^^^^ (^x?^o^,• + ^x°^oi,-) + ^x°^x°^oi,- +P Soi/) 



Xi 



1 



(p2 -m|o)(p^ -m|o) 



-w{p2)i)PLu{pi)a^ua^Lj 
1 



— m^_, 

X? 



"X^^Oii 



Here (a, h) denote the couplings of neutralinos and charginos to fermions and sfermions, 

Ant = -ffx]{a%.PL-rh%PR)f -r{h.c.) 



(A.4) 



(A.5) 



,(A.6) 



,(A.7) 



,(A.8) 



(A.9) 



where / = (g, /) and (/i,/2) arc SU(2) doublets. Explicit forms of (a, 6) for the gauge eigenstates 
of / are written in terms of mixing matrices (A'", [/, V) and Yukawa couplings of fermions / as 
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„, AT* „0 


— ^, AT* 


h - - 


/o A/" A T 

= -V2gYYf^Nii, 




fiLt 


r,, AT ^,o 




fiLt 










= -yf2U*2 


fiLi 


= -yf,U,2 , 


= -yhVi2 


fRi 


= . 





(A.IO) 

We next show the exphcit forms of the two-point functions Soij and from quark-squark 
loops. For neutrahnos, we have 



^OJ^ip') , 



IGtt 



(A.ll^ 



For charginos we have 



]^gyj-2 ^^dki"dkj 

'^^^KkiKkj^^^P'^^ ^dj + rud, rriuj) 



IGvr 



^^^Xi^lkj^^^^^P^ ^ "^4) + (^ukihkj^dBoip'^ , rud, TTiu,)) 



(A.12) 



Here i?o,i are 't Hooft-Veltman functions in the convention of [|1^ . 

Finally, we show the corrected s-channel amphtudes i-M^^, for e~{pi)e'^{p2) — > ii{Pz)i*{Pi)- In 
terms of the transverse part of the DR gauge-boson self-energies, IlL, ^ zzi.^)^ they are expressed 



as 



is) 



u{pi 



+ 2^^iI~-s- Q-)^ (1 - 3dfl^3dMil] 

^v{p2)i){hePL - SwQe)u{pi), 

where s = {pi +^2)^, dz = 92/ cw, and Mz is the Z-boson pole mass. 



(A.13) 



Appendix B: Effective couplings for gauginos 

In this appendix, we show how the full one-loop t-channel amplitudes factorize into a form cor- 
responding to an effective theory. The effective theory amplitude depends on effective couplings. 
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masses, and mixing matrices. We explicitly show what approximations are necessary for this, 
and justify them. As a by-product, we show the cancellation of UV divergences in the one-loop 
amplitudes. Here, for brevity, only the case of e^e^ production is discussed. The generalization 
to other channels is straightforward. 

We first prove that the loop corrected t-channel amplitude (Eq. ( |A.5D ) can be written in terms 
of the mass matrix of neutralinos Y = Y^- in the gauge eigenbasis, instead of the mixing matrix 
N and m^o. By substituting Eq. ( |A.10|) , Eq. (|A.5|) takes the form (the Sj^ = Soi/s are functions 
of p"^) 



iM 



RR 



gyNa 



1 



M 



ij J 



Ar,iX . (B.l^ 



Here we use abbreviations m,- 



m^o and X 



2iY^ v{p2)^Pru{pi). 



At tree-level, Y, diagonalized masses = diag(mj), and are related by 

Md = N*YN^ = NY^N'^ . 
We can transform the tree-level part of Eq. ( p.l|) as 



(B.2) 



N* - JV.r, 

p2 _ yji^ 



Art 
Art 



p^-Ml 
1 



N 



p2 _ NY^rm 
1 



N 



yty 



(B.3) 



J a/3 



where a = j3 = 1 in this case. The loop corrected part can be written by noting that the two-point 
functions S are given in terms of the gauge eigenbasis functions S, as 



(B.4) 



The total t-channel amplitude is therefore expressed as 

g'y [(/ - Y^Yy' - ip' - Y^Y)-^ {{p't\p^) 

+Y^t^{p')Y + rtsM(p2) _^ - rty)-i 



7A4^*^ 

^J^^RR 
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X 



(B.5) 



Next, we absorb the main loop contributions into an effective neutralino mixing matrix and 
effective couplings. We define the effective neutralino mass matrix as 



\t^{p')Y 



(B.6) 
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The one-loop pole masses mj(pole) are obtained from Y as 
mi(pole) = Re{N*Y{m^^)N^)ii 



- + + (S*^ + S*^*),,](m^) , (B.7) 



The amplitude Eq. ( p.5| ) becomes, up to Oi^gy), 
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(B.8) 



The remaining S^- have an important property. Their off-diagonal terms are generated by the 
breaking of SU(2)xU(l) gauge symmetry in the quark-squark sector, and are UV finite. For 
sufficiently heavy squarks the contributions of the factors Sj"- -^(i 7^ 1) are insignificant and can 
be dropped. Then, by introducing the effective gaugino coupling 

9e-eAp')^9Y{l-\t[Ap')) , (B.9) 

the t-channel amplitude is expressed in a very simple form 



X , (B.IO) 



where mi{p'^) and N{p'^) are the effective masses and the effective mixing matrix, respectively, 
obtained by diagonalizing l^(p^). Eq. ( |B.10| ) takes the same form as the tree-level amplitude 
Eq. (|B.1|) with the replacement of the neutralino masses and couplings with the effective ones. It 
is now evident that the corrected amplitude Eq. ( p.l| ) is UV finite, since both F(p^) and g^^ b(p^) 
are finite. 

The t-channel amplitudes for other processes are similarly expressed in terms of effective mass 
matrices and couplings of neutralinos and charginos. Below we list the forms of other effective 
lepton-slepton-gaugino couplings which are relevant to our processes: 



9e,MP') = 92 (l - l^^Jp')) 
_ ^ A ^^R 



9e,Mp') = 92[l-^^'ljp')) . {B.ll] 

Note that the effective couplings are independent of (s)fermion flavor, and hence the (log Mq + 
const) corrections are universal, in analogy with the oblique corrections of the gauge bosons |P, |Tl 
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Figure 1: Feynman graphs of the one- loop quarks-squark corrections to the processes e e"*" — >■ 
for (a) s-channei and (b) t-channel amplitudes. 




Fig. 1 
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Figure 2: The dependence of the lowest-order (0) and one-loop (corr) cross-sections of all possible 
slepton production channels on the DR renormalization scale Q. The ratios a{Q)/a{Q = Mz) 
are shown for each channel. Parameters are chosen as Mi(Mi) = 100 GeV, M2(M2) = 200 GeV, 
= -300 GeV, tan/3(Mz) = 4, m^- = 200 GeV, Mq = 1000 GeV, and ^ = 500 GeV. 
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Figure 3: The Mq dependence of the slepton production cross- sect ions. Input parameters are 
m^o = 100 GeV, m~+ = 200 GeV, m^o = 300 GeV, tan p{Mz) = 4, = 200 GeV, A = 0, // < 0, 
and ^/s — 500 GeV. The corrected cross-sections are normahzed by the tree-level cross-sections, 
which are defined in the text. 
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Figure 4: The full corrected cross-sections (solid lines) and two approximations, the effective theory 
approximation (ETA, dashed lines), and leading log approximation (LLA, dotted with squares), 
for two channels e£e+ — > z/gi/* and e^e+ — > e^e^, vs. Mq. The cross-sections are normalized by 
the tree-level ones, as in Fig. 3. Input parameters are the same as in Fig. 3. 
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Figure 5: The cross-section cr(e^e+ — > I'eK) ^ function of {Mq, A), normalized by the value at 
Mq — 400 GeV and A — 0. Input parameters are the same as in Fig. 3, except that tan P{Mz) = 
1.5 and /i is either (a) negative or (b) positive. In the black regions a squark is lighter than the 
Z-boson. 
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Figure 6: The constraint on Mq and tan/3 coming from a{e e+ —> z/gZ/* — * e e~^xtxi )? with 
/(itL = 100 fb"^ The central value is taken as Mq=1000 GeV and t&n P{Mz) = 4. Plotted 
are the one-loop corrected constant sneutrino production cross-section corresponding to a given 
number of a fluctuations from the central value. The masses are fixed and the mass uncertainties 
arc not taken into account. For (a) m^o — 270 GeV, < 0, (b) m^o — 270 GeV, /i > and (c) 
m^o = 500 GeV, ^ > 0. 
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Figure 7: Ax^j^ vs. Mq with yU < and fixed tan/5, m^o and ?7t.^o, but allowing and m/j^ 
to vary freely. The assumed mass error is (5m-+, drrii,) = (0,0) for the solid line, (0.27 GeV, 
0.55 GeV) for the dashed line, and (0.53 GeV, 1.11 GeV) for the short dashed line. The mass 
errors for the short dashed line are obtained by statistically scaling up the results of Ref. ^ from 
20 fb~^ to 100 fb-^ 
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